Abstract-This paper develops a virtual platform of an underwater manipulator mounted on a submersible vehicle via the three-dimensional simulator "Webots" for teleoperation through a replica master arm. The graphical, kinematic, and dynamic models of the manipulator refer to a master-slave servo hydraulic manipulator with seven functions, consisting of six degrees of freedom and a parallel gripper, while the "Jiaolong" deep-manned submersible vehicle, operating below the sea surface down to 7000 m, is chosen as the underwater manipulator carrier. This study uses the virtual platform for training an operator to telepresence control the virtual manipulator to complete basic tasks in subsea environments. When training the operator, one has to consider uncertain external disturbances and the visual impacts that stem from subsea environments. In order to demonstrate the feasibility and effectiveness of the virtual platform, one designs two typical underwater operational tasks: grasping a marine organism sample and reaching at a given position. This paper presents the comparative studies: 1) the performances demonstrated by remotely controlling the virtual manipulator and the real manipulator; 2) the operating performances delivered by three operators before and after training when using the platform.
Development of a Virtual Platform for Telepresence Control of an Underwater
Manipulator Mounted on a Submersible Vehicle I. INTRODUCTION W ITH the increasing emphasis on marine exploitation in the world today, the rapid development of the marine industry elicits a pressing requirement for underwater operations in technology. Underwater manipulators, mounted on underwater vehicles, including unmanned remote-operated vehicles (ROVs), autonomous underwater vehicles, and humanoccupied vehicles (HOV), are essential tools for remotely or autonomously conducting complicated, difficult, and even dangerous tasks in the sea environment. An HOV, which can carry a marine scientist down to the sea environment to observe, analyze, and evaluate the sea scene personally, allows the scientist to control an underwater manipulator to accomplish a variety of operational tasks [1] . An outstanding representative of Chinese-manned submersible vehicles is "Jiaolong" shown in Fig. 1(a) , which has been used for scientific investigation below the ocean's surface to a depth of 7000 m [2] .
Until now, a variety of methods have been proposed for controlling a robot arm, such as the vision-based method [3] , the sensor-based method [4] [5] [6] , and the joystick-or master armbased method [7] [8] [9] . Due to the irreplaceable performance in unstructured and complicated subsea environments, the master arm-based method [10] [11] [12] [13] is mostly used for controlling underwater manipulators, in which an operator controls a large slave arm by operating its miniature replica as a master arm. Controlling the underwater manipulator mounted on a submersible vehicle by operating the master arm to perform underwater operations accurately and efficiently requires a high level of operational skills, because there are uncertain disturbances and visual impacts from the subsea environment. So, an operator needs to go through a comprehensive training process before operating the underwater manipulator to perform operational tasks. However, training the operator by using a real underwater manipulator to perform underwater operations is time-consuming and expensive. Therefore, the goal of this study is to establish a training platform for the operator to realistically simulate the processes of underwater operations by developing a virtual underwater manipulator which is mounted on the submersible vehicle, instead of using a real manipulator and submersible vehicle. GRI Simulations Inc. constructed a virtual manipulator referencing the structure of TITAN 4, implemented in the virtual ROV (VROV) simulator to conduct the training sessions by operating a real master arm [14] . The virtual manipulator is mounted on a VROV. Compared with the commercial softwarebased VROV simulator that is directed more at ROV simulations, the master-slave system developed in this paper is more economical due to the use of the popular robot simulator-Webots [15, 16] . The additional advantage of using the virtual model is that it is much more convenient to exchange manipulators with different mechanical structures and kinematic parameters or use a different submersible vehicle for a wide range of training purposes. A virtual underwater manipulator is developed [17] for training the operator, but its fewer degrees of freedom (DOFs) may not be incorporated with a submersible vehicle. The virtual platform developed in this paper provides an operator with a low-cost, convenient, and safe training environment in which the operator practices a variety of manipulator operations and its advantages are validated by the corresponding operating and training results. To our best knowledge, there exist no reports on the comparative results of remotely controlling a virtual manipulator, and its corresponding real manipulator and the comparative results of remotely controlling a real manipulator before and after training using a virtual platform in operational tasks. The comparative studies presented in this paper even take external disturbance into account while conducting the comparative studies.
II. DEVELOPMENT OF THE VIRTUAL PLATFORM
The Webots software package is a three-dimensional (3-D) simulator, developed by Ceberbotics Ltd, for fast prototyping and realistically simulating mobile robots. It allows a user to create 3-D virtual worlds with physical properties such as shape, color, texture, mass, etc. The user can design mobile robots with passive or active features. A large choice of simulated sensors and actuators is available for a robot model, such as distance sensors, touch sensors, linear and rotational servos, etc. The virtual platform developed by Webots, including the submersible vehicle and the underwater manipulator, is able to challenge an operator to proficiently coordinate them to accomplish operational tasks.
A. "Jiaolong" Submersible Vehicle
The "Jiaolong" manned submersible vehicle is one of the most important high-tech pieces of equipment developed in China for exploring seabed resources and conducting scientific investigations, so this study chooses the "Jiaolong" submersible vehicle with a shark-like shape as the underwater manipulator carrier, shown in Fig. 1 . The carrier can be controlled in movement with six DOFs in the 3-D space, which includes three translational motions (surge, heave, and sway) and three rotational motions (roll, pitch, and yaw) [18] . The virtual model of "Jiaolong" is mainly composed of the main body, propellers, pan-tilt, camera, stabilizer fin, access/excess hatch, headlamps, observation windows, a sampling basket, etc. The propellers provide thrust vectoring in different directions for the submersible vehicle. There are three observation windows in the bow, including one main observation window and two side observation windows. A trained operator is able to use the master arm to control the underwater manipulator to perform underwater operations smoothly and safely by observing submersible vehicle surroundings and configurations of the slave manipulator through the main observation window. The sampling basket is located at the lower point of the submersible bow, where a collected sample can be placed in it.
A scene tree contains the information that describes a simulated world, including robots and the environment, and its graphical representation. It is composed of a list of nodes which are organized as hierarchical structures: each node contains fields and fields can contain other nodes. One implemented the "Jiaolong" virtual model by adding and expanding a robot node and populating its child node list with all the components of "Jiaolong."
The geometry and appearance of each component are defined by its shape node. One added a geometry node as the geometry field of each created shape node. The pan-tilt, camera, access/excess hatch, headlamps, and some other components with simple structures are constructed by geometric primitive nodes: box node, capsule node, cylinder node, sphere node, etc. Therefore, all the components with simple structures are composed of several kinds of geometric primitives, for example, the pan-tilt and camera are composed of eight cylinders with different radiuses, one capsule, and one box. In contrast, the components with complex structures cannot be composed of geometric primitives. For components such as the main body, propellers, stabilizer fin, observation windows, sampling basket, etc., irregular polyhedrons are needed to compose them. The shark-like main body is the most complex and important component of the submersible vehicle. One constructed the main body by using the IndexedFaceSet node, which represents a 3-D shape formed by polygons with a list of vertices. First, one needed to choose some vertices, each of which has a certain coordinate and a unique number. It is a complex process, because it needs to take similar structures, and reasonable dimensions into account. Second, one connected the vertices according to the defined number to achieve the desired polygons by using the coordIndex field in IndexedFaceSet node, and then combine the achieved polygons to achieve the desired polyhedrons. The main body is composed of polyhedral modules constructed by choosing nearly one thousand vertices, in order to make it closer to the real main body with a smooth surface. The stabilizer fin is also constructed in the same way. Another way to construct the complex components is using the third-party software to create the polyhedral modules and then import them into the Webots' environments. SolidWorks is a computer-aided design (CAD) package that allows the user to create complex 3-D models of parts and assemblies. It creates models using a methodology known as parametric feature-based modeling, a popular approach found in a large range of CAD applications. One can use the operating instructions in SolidWorks to construct the complex components, save them in VRML97 format, supported by Webots, and then import the saved files, which are shown as IndexedFaceSet nodes after having been imported to the Webots environments. The propellers, observation windows, and sampling basket are constructed in this way. One added an appearance node as the appearance field of each created Shape node, and then added a material node to the material field of each created appearance node. The visual attributes (color, brightness, texture, etc.) of all the components are specified by the material node. One made the color of the lateral part of the main body white, and added an image texture with the word "Jiaolong" on it by setting its material node as follows: ambientIntensity field to 1; diffuseColor field to (0.50, 0.50, 0.50); emissiveColor field to (0.31, 0.31, 0.31); shininess field to 0.21; specularColor field to (0.88 0.88, 0.88); transparency field to 0; texture field to the directory location of the image with the word "Jiaolong." The same method was used to modify the visual attributes of other components.
The position and orientation of each component (and of its children) can be modified by the translation and rotation fields in solid node. A transform node, including a translation vector and a rotation matrix, is usually used to configure the relative position and orientation of each component. Other attributes, such as physical properties, and whether physical boundaries can be moved or not, and can also be applied to each component by modifying corresponding fields in solid nodes.
A servo node added to a joint forms a DOF for a mechanical simulation. The joint placed between the parent and child nodes move the child objects with respect to their direct parent. The type field is a string which specifies the servo type, and may be either "rotational" (default) or "linear." A "rotational" servo is used to simulate a rotating motion, and a "linear" servo is used to simulate a sliding motion. One applied a "rotational" servo to each propeller to simulate its rotation, three "rotational" servos and three "linear" servos to the submersible vehicle to simulate its six DOFs in the space, and two "rotational" servos to the pan-tilt camera to simulate its motions of yaw and pitch.
A camera node is used to model a robot's on-board camera. The resultant image can be displayed on the 3-D window. One applied a camera node with color type to the pan-tilt camera to feedback information from the virtual world.
B. Model of the Virtual Underwater Manipulator
An underwater manipulator is an indispensable tool for underwater operations, and its performance can primarily determine the overall operational capability of an underwater vehicle system. In order to perform underwater operations below the ocean's surface at 7000 m, the Shenyang Institute of Automation (SIA) developed master-slave servo hydraulic manipulators with seven functions, as shown in Fig. 2(a) . The manipulator consists of six rotary joints and one parallel gripper with eight axes of rotation.
The mechanical structures of underwater manipulators usually adopt a series of links connected by joints to imitate a human's arm. The wrist of an underwater manipulator with three DOFs usually has the following four forms defined by the bent structure (B) and the rotational structure (R): BBR, BRR, RBR, and RRR. The SIA manipulator adopts the RBR form [19] , while the TITAN 4 manipulator adopts the BBR form [20] . Both of the underwater manipulators have differences in the configuration modes of DOFs, configuration sequences of DOFs, and the motion range of angles for each joint. Because of these differences, the two types of manipulators are equipped with different master arms for remote control.
The virtual manipulator refers to the model of the SIA underwater manipulator. Fig. 2(b) shows the initial configuration of the underwater manipulator, which is located at the lowerright of the submersible bow with the position coordinate (2.68, -0.62, -0.5 m) relative to the submersible center of mass. The virtual manipulator populates the child list of the robot node as well. The mechanical structure of the manipulator is complex, including connecting rods, a gripper, textures, etc.; each is composed of several irregular polyhedrons. The gripper is the most complex component of the manipulator, it has eight shafts and its gripper mouth is saw-toothed. One constructed each component of the manipulator using the SolidWorks software, saved them in VRML97 format, and imported them into the Webots environments. One applied an exterior color (green) and an image texture about the product marking the virtual manipulator. The way to set the visual and other attributes of the manipulator is similar to the main body lateral. The cascading structure is adopted to construct the virtual manipulator, i.e., the second connecting rod is the child of the first connecting rod, the third connecting rod is the child of the second connecting rod, and so on. In order to implement the manipulator kinematics, one added a "rotational" type of servo node between every two adjacent rods, and set the rotational moment and rotation range value of each servo node. There are eight "rotational" types of servo nodes in the gripper to maintain the gripping parts in parallel status during operation. 
III. DYNAMICS OF THE UNDERWATER MANIPULATOR
This section established the dynamics of the underwater manipulator to describe the relationship between the position, the velocity, the acceleration, and the driving moment of each joint. Fig. 3 shows the defined coordinate systems of the connecting rods to the underwater manipulator with seven functions [21] .
The parameters of each connecting rod to the manipulator are listed in Table I , where i represents the number of the connecting rod, θ i represents a rotation angle around the z i−1 axis to align the x i−1 and x i axes, d i represents a translation distance along the z i−1 axis to bring the x i−1 and x i axes into coincidence, a i represents a translation distance along x i axis to bring the two origins into coincidence, and α i represents a rotational angle around the x i axis to make the two coordinate systems completely coincide, m i represents the mass of the ith connecting rod,
T represents the vector of the center of mass for the ith connecting rod in the coordinate system of the ith connecting rod.
The Lagrange-Euler method is used to establish the dynamic model of the manipulator [21] . The results are as follows:
where t represents time with a unit of seconds; τ (t) = (τ 1 (t), τ 2 (t), . . . , τ 6 (t)) T , which is a 6 × 1 generalized moment vector applied on the connecting rods; θ(t) = (θ 1 (t), θ 2 (t), . . . , θ 6 
(t))
T , which is a 6 × 1 joint position vector;θ(t) = (θ 1 (t),θ 2 (t), · · · ,θ 6 
T , which is a 6 × 1 joint velocity vector;θ(t) = (θ 1 (t),θ 2 (t), · · · ,θ 6 
T , which is a 6 × 1 joint acceleration vector; D(θ(t)) is a 6 × 6 symmetric matrix that related to the acceleration; h(θ,θ)
T , which is a 6 × 6 vector about nonlinear Coriolis force and centrifugal force; c(θ) = (c 1 , c 2 , . . . , c 6 
)
T , which is a 6 × 1 gravity vector. Given the joints initial position θ(0) 
then the joint velocity vector and the joint acceleration vector can be obtained by solving the first derivative and second derivative to (2) . One can obtain the output moments of each joint along with time by plugging the conditions above and the data in Table I into (1), as shown in Fig. 5 . One controls each joint velocity of the virtual manipulator thru the process of reaching at each target joint position. Fig.  4(c) is the end-effector trajectory (a is the initial point and b is the target point) of the virtual manipulator in this process, and one can see that there is a small jitter for the end-effector at the target joint positions. The green lines in Fig. 4(c) represent the manipulator which is shown at its initial configuration. It should be noted that, different from a manipulator operating in a manufacture system at high speed, the telepresence control-based slave manipulator in the deep-sea environment with uncertainty usually run at very slow speed, so the dynamics impact of the underwater manipulator on control performance is not so prominent.
IV. REMOTE CONTROL OF THE VIRTUAL UNDERWATER MANIPULATOR
The master-slave control method is usually used to remotely control the manipulator for underwater operations due to its intuition and reliability. This paper established a master-slave manipulator system to train an operator (a detail of this operation is illustrated in Fig. 7) . The training session uses the complemented real master controller to telepresence control the virtual SIA manipulator as a slave arm.
A. Master Controller
To control the virtual manipulator, an operator operates the master arm, which is a functional replica of the slave arm. The operator configures and diagnoses slave manipulator operations by accessing the appropriate master controller menus and makes necessary changes through keystroke inputs. The front panel of the master controller provides the following control functions: display screen, function keys, electrical power switch, auxiliary gripper switch, and master arm. The master controller and its front panel sketch are shown in Fig. 6 .
The auxiliary gripper switch at the left of the LCD screen controls a gripper state, e.g., moving the switch forward closes the gripper and moving the switch rearward opens the gripper. The master arm is a miniature kinematic replica of the slave manipulator, so each master arm joint or function matches its corresponding joint or function of the slave manipulator. The small master arm allows for easy control of the functions with a shoulder, an elbow, a forearm, and a wrist. The button at the tip of the master arm is used to freeze/unfreeze the master arm.
B. Relative Position Incremental Control Method
The relative incremental control method refers to a stepping movement which successively switches between the start and stop positions, where each step is equivalent to an incremental control quantity [22] . This type of control method is widely used in the areas of robots [23, 24] , because its advantages include that, first, it is unnecessary to perform the calibration of the slave manipulator and its master arm in their workspaces; second, this control method delivers relatively high accuracies by incrementing a detected manipulator position at each step. There are two ways to control the slave manipulator by the relative position incremental methods: control slave manipulator joint movements based on master arm joint incrementals or control slave end-effector movements based on master arm tip incrementals. The second way to control the slave manipulator is more complicated because it needs to establish coordinate systems of the connecting rods for both the master arm and the slave manipulator and develop the forward kinematics of the master arm and the inverse kinematics of the slave manipulator. This paper adopted the relative position incremental method of joints to control the SIA underwater manipulator.
The rules for controlling the slave arm joints by the master arm joints are as follows:
where S icmd is a setting angle that the ith slave manipulator joint needs to reach, S iref is the current angle of the ith slave manipulator joint that is used as a reference, M iact is the actual angle of the ith master arm joint, M iref is the reference angle at which the ith master arm joint was situated in last step, k i represents the proportional coefficient of the incremental controller between the ith slave manipulator joint and the ith master arm joint, M imax /M imin is the ratio of the maximum angle over the minimum angle of the ith master arm joint, and S imax /S imin is the ratio of the maximum angle over the minimum angle of the ith slave manipulator joint. Similarly,
and J min are defined for the incremental control rules of the gripper. G min and G max represent the closed state and the maximum opening state of the gripper, respectively. If a setting angle exceeds its slave arm joint angle limit, or if the setting opening distance exceeds the gripper opening distance limit, the slave arm joints or the gripper remain at their limit states. k i = 1 indicates that the incremental proportion between the master arm and the slave manipulator is 1:1. Increasing or decreasing k i allows increasing or decreasing the control sensitivity of the slave manipulator. For convenience, this study defines the joint rotation angles as joint variables and the opening distance of the gripper as the gripper variable. The corresponding relations of the joint and gripper variables between the master arm and the slave manipulator are shown in Fig. 7 . The variables' values for the master arm were digitized from the analog angles, so the binary code-based number system does not need units. The joint variable ranges of the master arm and the slave manipulator are listed in Table II . The limit angle of each joint variable for the master arm is quite different, because there are differences in sensor selection and mechanical structures between them. The gripper variable ranges are listed in Table III .
C. Implementation of Controlling the Virtual Manipulator
One developed a controller in the C programming language named "mybot" to control the virtual underwater manipulator and "Jiaolong," the manned submersible vehicle. When a simulation starts, Webots launches the "mybot" controller and associates the controller with the simulated robot.
The RS-232 communication protocol is adopted to establish communications between the master arm and the virtual slave manipulator developed in the Webots environment. The master controller sends a packet with 24 bytes to a COM port with an interval of 50 ms after an operation starts. The third thru the sixteenth bytes in the packet are the joints and gripper information about the master arm, including frozen or unfrozen states, movement patterns, and variable values, while other bytes represent dynamic characteristics, checksum, etc.
The slave controller processes the accepted data and invokes the corresponding function to perform the desired operation instantaneously. The built-in application programming interface in the operating system used by the slave controller manipulates the COM port. The variable values of the master arm read from the COM port are regarded as the reference values for the next step. The seventeenth byte in the packet represents the button state at the tip of the master arm. If the master arm state is frozen, the slave manipulator controller does not respond to the acquired data, while if the master arm state is reengaged, the slave manipulator controller takes the received data as the reference values for an operation at the next step. The issues with packet loss and incomplete packets received have to be considered in the extracting process.
D. Uncertain External Disturbance and Visual Impact
Because of the ocean currents and the poor light in the subsea environment, the disturbance and visual impact were addressed as follows.
To generalize the fluid flow impacts is a very complicated and time-consuming computational process. Currently, disturbances in horizontal and vertical directions were modeled by two 2-D sine waves. A response curve, following the sine function with a period of 4 s, is used to describe the pitch moment of an underwater vehicle in [25] . The disturbance added to the end-effector of the manipulator refers to the curve, which is represented as follows:
where θ pitch and d sway represent the disturbance from pitch and sway, r 1 represents the pitch disturbance range with a unit of degree, r 2 represents the sway disturbance range with a unit of millimeter. Because the mass (nearly 22 tons in the air) and volume (length 8.2 m, width 3.0 m, and height 3.4 m) of "Jiaolong" is far greater than the underwater manipulator (see Table I ), the disturbance influence produced by ocean currents and the motion of the underwater manipulator to the submersible vehicle can be ignored. However, the disturbances increase the difficulty of operating the slave manipulator. For the training purpose, the sine wave-based disturbances challenge an operator to achieve a desired operation performance under uncertainties. The more realistic disturbance model will be considered once the real data of disturbances from deep-sea operations are available. An operator uses the master arm to perform underwater operations by observing submersible vehicle surroundings and configurations of the slave manipulator through the main observation window. In order to create an effect of visual impact in operating, one added a camera and a thin blue film with transparency to the main observation window. When the spherical field of the Camera node is set to TRUE, a spherical projection can be used to simulate a biological eye, so one used the camera to simulate the operator's eye. The scene obtained by the camera through the film has an effect so that all the objects are in sea water with blue color and darker light.
V. PLATFORM VALIDATION AND EXPERIMENT

A. Training the Operator by Using the Master Arm
In order to demonstrate that the virtual platform provides an operator an effective training environment, one remotely controlled the virtual manipulator by using the master arm to perform two typical underwater operational tasks: grasping a marine organism sample and reaching at a given position. The detailed training process is as follows: 1) tell the operator what the task is; 2) make sure that the operator knows the usage of the master arm and the correct operation posture; 3) ensure that the end-effector of the virtual slave manipulator approaches the target by using the real master arm, and explain that one also needs to pay attention to the grasp direction and the grasp timing for grasp tasks; 4) pay attention to flexibly using the operations of freezing and unfreezing, which can ensure that the task is completed effectively; 5) the master arm should be frozen and put back into the slot of the master controller after completing the task. The disturbance and the visual impact are considered during operations. The disturbance added to the end-effector is based on " (7)" with r 1 = 1
• and r 2 = 35 mm. Other settings can be made to the Webots world to simulate the seabed environment, such as setting the light direction, the background color, the seabed surface pattern, etc.
1) Controlling the Manipulator to Grasp a Marine Organism Sample:
Because sampling a seabed target is an essential operation, the first experiment presented herein is to grasp a marine organism sample. The sampling operation is divided into two processes: 1) control the virtual manipulator to grasp a sample and move it to its initial configuration; 2) control the virtual manipulator to place the collected sample on the sampling basket and then reset it to its initial configuration. The upper-left window of Fig. 8(a) shows the surroundings taken by the operator through the main observation window. The main window of Fig. 8(a) shows the initial configuration of the slave manipulator. Fig. 8(b) shows that the manipulator is approaching the marine organism on the seabed and the gripper is open and ready to grasp the marine organism. Fig. 8(c) shows that the manipulator is placing the marine organism on the sampling basket. Fig. 8(d) shows that the slave manipulator completes the operational task and is locked at its initial configuration by pressing the tip button on the master arm. Three operators were invited to do this task on the training platform. The average operating time, t 1 = 119 s, for successfully controlling the virtual manipulator to grasp the sample and move it to its initial configuration operation conducted by the three operators was taken as a reference. Please note that the disturbance increased the operating time. Fig. 9(a) shows the end-effector trajectory generated by the operator who used the intermediate operating time of 113 s among the three operators for this task, which is the closest to the reference time. The red line in Fig. 9(a) represents the marine organism sample. The cyan curve in Fig. 9(b) represents the velocity magnitude of the end-effector and the purple curve represents the distances of the end-effector to the grasped position on the marine organism sample during an operation of grasping the marine organism sample. The total path length, the average velocity magnitude, and the time to reach the target point are 4.68 m, 0.04 m/s, and 72 s, respectively. Because the velocities or accelerations of underwater manipulator operations were not allowed to be set big, as shown in Figs. 9(b), 10(b) , and 13, the sharp turning points in the robot trajectories where the velocity magnitudes are nearly zero usually happened. Every operating result provides a reference as to verify whether each operator improves his/her performance while conducting the next operation. Table IV lists four sets of data about the corresponding relationships between the master arm and the virtual slave manipulator operated by one of the operators, where i(i = 1, 2, 3, 4) represents the group number. The data of the four groups are extracted from the experimental results randomly, and there are no operations of unfreezing or freezing between them.
2) Controlling the Manipulator to Reach at a Given Position: Another task presented herein is using the real master arm to control the manipulator end-effector to reach at a given position. A red point near the boundary of the workspace is chosen as the target position. The three operators are invited to do this task. The average operating time for successfully controlling the virtual manipulator to accomplish this task conducted by the three operators is t 2 = 66 s. Fig. 10(a) shows the end-effector trajectory generated by the operator who used the intermediate operating time of 68 s among the three operators for this task. The cyan curve in Fig. 10(b) represents the velocity magnitude of the end-effector and the purple curve represents the distances of the end-effector to the target red point during this operation. The total path length, the average velocity magnitude, and the time to reach the target point are 4.62 m, 0.07 m/s, and 34 s, respectively. The task of grasping a marine organism sample needs to consider the manipulator configuration and the timing of grasping, which will consume more operating time (t 1 > t 2 ). Therefore, it is more challenging than controlling the manipulator endeffector to reach at a given position. The experimental results show that the platform provides operators an effective training environment. A new operator usually has a psychological burden so that he/she does not dare to operate a real slave manipulator the first time, because he/she may worry about damaging the equipment. However, the training platform gives him/her the confidence to operate the real slave manipulator.
B. Controlling the Real Slave Manipulator
In order to further prove the feasibility and effectiveness of the training platform, one controls the real slave manipulator by using the same master arm to accomplish grasping a stick and reaching the position of a small ball, as shown in Fig. 11 . Table V lists four sets of data about the corresponding relationships between the master arm and the real manipulator, which are extracted from the grasping a stick task operated by one of the operators. Now, the following discussion compares the experimental results of remotely controlling the virtual manipulator and the real manipulator. For convenience, one uses the following definitions: M (4, m/n, i) represents the master arm data of m/n row and i column in Table IV ; M (5, m/n, i) represents the master arm data of m/n row and i column in Table V ; S(4, m/n, i) represents the virtual slave manipulator data of m/n row and i column in Table IV ; S(5, m/n, i) represents the real manipulator data of m/n row and i column in Table V ; D i represents the average incremental error for the ith function according to the data in Tables IV and V . D i is represented as follows:
The following results are obtained: The fifth joint keeps remaining at its limit state, for its setting value exceeds its limit value in Table IV , so D 5 is not a satisfactory value. Each of the average incremental errors (except for D 5 ) is relatively small, so the virtual slave manipulator can take the place of the real manipulator for training the operator. The comparative results show that the joint incrementals of the virtual slave manipulator and the real manipulator are basically the same with regards to the same master arm joint incrementals. Fig. 12 shows the end-effector trajectories of the real manipulator operated by the same three operators in the tasks of grasping a stick and reaching the position of a small ball. The red line in Fig. 12(a) and the red point in Fig. 12(d) represent the stick and the small ball, respectively. Trajectories with blue and black color are the operating results of before and after training on the training platform, respectively. Fig. 12(a), (b) , and (c) show the operating results from the first operator, the second operator, and the third operator in the grasping a stick task, respectively. The averages before and after trained operating time of the three operators in the grasping a stick task are 46 and 31 s, respectively. Fig. 12(d) shows the operating results from one of the three operators in reaching the position of a small ball task. Fig. 13(a) shows the distance and velocity magnitude changes of the end-effector corresponding to Fig. 12(b) which reveals that the operational efficiency has been improved greatly. The total path length, the average velocity magnitude, and the time to reach the target point both before and after being trained are 4.93 m, 0.09 m/s, 29 s, 3.68 m, 0.11 m/s, and 17 s, respectively. Fig. 13(b) shows the distance and velocity magnitude changes of the end-effector corresponding to Fig. 12(d) . The total path length, the average velocity magnitude, and the time to reach the target point both before and after being trained are 3.43 m, 0.14 m/s, 16 s, 3.25 m, 0.17 m/s, and 12 s, respectively. It is obvious that each of the operators performs better and takes less operating time in tasks after being trained on the training platform. Therefore, the training platform ensures feasibility and effectiveness.
Because each experiment takes a comparatively long time for the operators, one only presents end-effector trajectories for one group in reaching the position of a small ball task. Operating the real slave manipulator usually has better performance and takes less operating time in tasks than operating the virtual slave manipulator, and the reasons are as follows: 1) there is no disturbance to the end-effector of the real manipulator; 2) the real manipulator and operating target are bigger than the ones in the virtual platform; 3) the operator has a better visual effect.
VI. CONCLUSION
The purpose for the development of the virtual platform is to train an operator before performing underwater experiments. The virtual platform developed herein consists of a submersible vehicle and its mounted underwater manipulator for teleoperation through a replica master arm. The virtual manipulator system provides an operator an effective and economic training environment to practice a variety of manipulator operations. Operating the real manipulator in the workshop (please note that it would be the important step of in-water mission) demonstrates the advantages of the developed system. Especially, no experimental condition of placing the real manipulator in the deep-sea would be available for the training purpose. Experimental results from operating the real manipulator before and after training on the training platform demonstrate that the virtual platform is feasible and effective in providing a training environment for operators. Tables IV and V verified the consistency on motion behaviors between the real slave manipulator and the virtual slave manipulator.
Existing virtual platforms of underwater manipulators mounted on a submersible vehicle, used for training operators, are different in their mechanical structures for submersible vehicles and underwater manipulators. The three operators in this paper had no personal operating experience before participating in the experiments. Before the first time they used the master arm to remotely control the real manipulator in the operational tasks, one needed to explain to them the usage of the master arm, the process of the operation, and the matters needing attention during the operation. They were asked to train on the virtual platform after they completed a given task successfully for the first time. Repetitions of training taken by each of the three operators were between five and nine in the grasping a marine organism sample task, which is associated with the speed of individual learning. The operators with a lower speed of learning usually had problems in flexibly using the operations of freezing and unfreezing during the operating processes. In the task of grasping a stick, all three trained operators could complete the task in 32 s, which is a significant improvement compared with before. Therefore, the virtual platform provides a very good training environment for the operators. In addition, the virtual platform can be used to test and validate motion control methods for operating the submersible vehicle and manipulator [26, 27] . It can also be used to supervise a real underwater task where the developers do not have a direct view of the system. Further research will use the platform to test different ways to operate the underwater slave manipulator and investigate several control strategies, including FUZZY P + ID controller [28] [29] [30] .
